We have used low energy implanted muons as a volume sensitive probe of the magnetic properties of EuO1−x thin films. We find that static and homogeneous magnetic order persists up to the elevated TC in the doped samples and the muon signal displays the double dome feature also observed in the sample magnetization. Our results appear incompatible with either the magnetic phase separation or bound magnetic polaron descriptions previously suggested to explain the elevated TC, but are compatible with an RKKY-like interaction mediating magnetic interactions above 69 K.
We have used low energy implanted muons as a volume sensitive probe of the magnetic properties of EuO1−x thin films. We find that static and homogeneous magnetic order persists up to the elevated TC in the doped samples and the muon signal displays the double dome feature also observed in the sample magnetization. Our results appear incompatible with either the magnetic phase separation or bound magnetic polaron descriptions previously suggested to explain the elevated TC, but are compatible with an RKKY-like interaction mediating magnetic interactions above 69 K. The archetypal ferromagnetic semiconductor europium monoxide (EuO) is widely studied because it offers the ability to control spin-polarized electrical currents [1] [2] [3] . This possibility is limited by the low Curie temperature, T C = 69 K, of pristine EuO, but electronic doping by, for example, oxygen vacancies or the application of pressure can more than double the T C [4] [5] [6] [7] . The physical origin of this elevated ordering temperature is controversial and has been discussed in terms of indirect exchange [8, 9] , bound magnetic polarons [10, 11] and chemical phase separation [12] . The existence of chemical phase impurity has been raised in bulk [4] and thin film measurements [12] ; this would seriously limit any technological applications [13, 14] .
EuO crystallizes in the rocksalt Fm3m crystal structure with a lattice constant of 5.144Å [15] . In bulk EuO there is a magnetic hard axis which is orientated along the [100] direction, whereas the easy axis is orientated along the [111] direction [16] with a small magnetocrystalline anisotropy constant of K 1 = −4.36 × 10 5 erg/cm 3 at 2 K [17, 18] . For pristine EuO it is well established that the super-exchange interaction between the localised Eu 4f and O 2p states gives rise to a ferromagnetic order below its T C [19] . The high degree of localization makes EuO a model Heisenberg ferromagnet, albeit with some momentum dependence of the exchange energy [20] . The nearest and nextnearest neighbors exchange parameters were measured by neutron scattering as J 1 /k B = 0.606 ± 0.008 K and J 2 /k B = 0.119 ± 0.015 K [21] .
EuO has a magnetic moment of 7 µ B per Eu atom [5] and the half filled 4f level is separated from the conduction band by a band gap reported as 1.2 eV at 200 K [22] and 1.1 eV at 300 K [23] . Its seven 4f electrons also create a Zeeman field which splits the conduction band about 0.6 eV [24] below its T C . This leads to EuO being able to transport electrical currents with higher than 90% spin polarization [3] . Doped EuO was also deposited epitaxially on Si (001), GaN (0001) [3] , and on Ni (001) [25] matching the carrier concentration of ∼ 10 19 cm −3 with Si, making it even more appealing for device applications [13, 26, 27] .
Despite the extensive experimental and theoretical work on stoichiometric and Gd-doped EuO [28] , far less attention has been paid to the effect of free carriers in oxygen deficient EuO 1−x , which act as an electron dopant and provide an additional magnetic interaction. Oxygen deficient EuO also undergoes a metal-to-insulator transition at 69 K [10, 12, 29, 30] and exhibits a colossal magnetoresistance effect [1, 31] .
One of the most plausible models [28] for the elevated T C proposes that in addition to the super-exchange, oxygen vacancies act as an electron donor (n-type doping) to the 5d band. Then the localized 4f electrons can couple via an indirect exchange mechanism mediated by the Eu 5d conduction electrons [19] . This interaction is not the standard Ruderman-Kittel-Kasuya-Yosida (RKKY) interaction as observed in magnetic metals, but rather the semiconductor analogue and is a temperature dependent indirect interaction (RKKY-like) [8, 9, 32] . Another proposed model is based on bound magnetic polarons (BMP). This model was first proposed by Torrance et al. [10] to explain the metal-to-insulator transition in oxygen deficient EuO. It assumes that oxygen vacancies are shallow donors in which case one electron remains tightly bound, whereas the "outer" electron of the vacancy can be trapped by the vacancy under certain conditions such as temperature and carrier concentration [33] . Around 50 K and above T C the trapped "outer" electron can cause the paramagnetic Eu 2+ spin to order. Thus the electron by localizing and ordering a small number of Eu 2+ spins gains magnetic free energy and forms a magnetic polaron, which being bound to an oxygen vacancy is termed BMP [1, 11] . However, it remained elusive whether the existence of the "double-dome" feature in the M (T ) data, i.e. that the magnetization does not follow a single Brillouin function [4, 5, 11, 12] , originates either from two distinct phases with different T C 's or a single oxygen deficient EuO phase undergoing two magnetic transitions. In order to solve this ambiguity we have investigated the magnetic properties of the samples at a local level using low-energy muon spin relaxation and rotation (LE-µSR) measurements. Here spin-polarized positive muons are implanted inside the sample and the time evolution of their polarization is determined by measuring the direction of positrons emitted when the muons decay (for more details on LE-µSR see supplementary information).
The samples were deposited in a DC/RF magnetron sputtering system at room temperature. The deposition was performed by co-sputtering Eu 2 O 3 and Eu. The oxygen deficiency was controlled by changing the relative deposition rate of Eu (see supplementary information).
In Fig. 1 we show the temperature dependent magnetization, obtained by SQUID magnetometry, for all three samples measured with an in-plane applied field of 10 kOe and the hysteresis loops at 5 K (inset). The stoichiometric EuO sample shows a paramagnetic response above T C , which was estimated by dM (T )/dT . The EuO 0.975 and EuO 0.91 samples have a T C of 140 K and 136 K, respectively. For fields higher than 200 Oe, while T C remains the same, a small paramagnetic response is present arising from the Pt capping layer. Figure 1 shows a consistent reduction of the magnetic moment with temperature and a change in the coercive field: 54 Oe for the pristine sample, 79 Oe for the 2.5% sample, and 236 Oe for the 9% sample. The remanence is about 897 emu cm −3 for the pristine and 842 emu cm
for the 2.5% sample, while it is about 300 emu cm −3 for the 9% sample at 5 K. Saturation of the pristine and the 2.5% oxygen deficient films is obtained at applied fields of about 1000 Oe, while the 9% sample can not be fully saturated even at 50 kOe (not shown). It was claimed in Ref. [12] that for lower applied fields the appearance of the "double-dome" in the M (T ) measurement could remain unnoticed due to Eu clusters. However, we believe this is not an intrinsic feature of antiferromagnetic Eu clusters given that we observe hysteresis loops in the high temperature data of the oxygen deficient EuO samples (supplementary material) confirming ferromagnetic order above 69 K.
We previously reported [5] that the magnetic moment of EuO as estimated by self calibrating polarized neutron reflectivity is close to 7 µ B , higher than the ones obtained here by SQUID magnetometry, which has a much higher error on the determination of the magnetic moment. The error comes mainly from the determination of the area, thickness and roughness of the films.
Our LE-µSR experiments comprised measurements in zero applied field (ZF) and a weak transverse field of
FIG. 1. The magnetic moment per Eu
2+ atom versus temperature at 10 kOe for the three samples and (inset) the volume magnetization as a function of the in-plane applied magnetic field at 5 K. The figure shows an increase of the coercive field and a decrease of the remanent magnetization as well as a reduction of the magnetic moment for increasing oxygen deficiency.
G (wTF)
, where muons were implanted into the films at various energies between 6 and 14 keV (see supplementary information). The ZF measurement probes the static and dynamic properties of the spontaneous internal magnetic fields within the sample and the wTF enables the determination of its (strongly) magnetic volume fraction. For the ZF measurements we found that the raw data shown in Fig. 2 (a) were best described by the sum of two exponentially relaxing components below the T C and a single exponential component above. In bulk EuO oscillations in the muon decay asymmetry are evident below T C [34] , albeit with an apparent drop in the initial asymmetry compared to the paramagnetic state. We were not able to resolve oscillations consistently between different data sets for any of our samples. The lack of clear oscillations may be due to small variations in the internal fields caused by a distribution of grain boundaries and defects in the film.
We described the ZF data using the function:
where the sum of A 1 , A 2 , and A bg (background) is fixed by the geometry of the experiment and was fixed for each sample. The first term describes a slow relaxation of muon spins, which below T C we can attribute to fluctuations of magnetic fields parallel to the muon spin polarization. The second term, describing the fast relaxation, is found to be zero above T C and represents an incoherent precession of muons about fields perpendicular to their spin polarization. This relaxation rate Λ will therefore vary with the size of those fields and gives us some insight into the magnetic order parameter, albeit far more limited than a well-defined oscillation frequency. We took λ < Λ below T C and set A 2 = 0, when a second relaxing component could not be resolved above T C . Below T C we note that A 2 /A 1 ∼ 2, which is the value anticipated for a polycrystalline ordered magnet. Using this we can estimate the fraction of the probed sample volume entering a magnetically ordered state at each temperature as
The wTF measurements at low-temperature show a fast relaxation and a slowly-relaxing oscillation, which can be attributed to muons respectively experiencing the large spontaneous fields and the weak applied field. This gives us a more sensitive probe of the volume of the sample in which the muons are implanted that is magnetically ordered. To simplify the determination of this volume fraction we fitted the data omitting the first 0.25 µs to the function:
This describes the slow relaxing precession of muons not experiencing large internal magnetic fields within the magnetic volume of the sample. The relaxation rate η describes how fast the precession is depolarized by a distribution of magnetic fields, γ µ /2π = 135.5 MHz/T is the muon's gyromagnetic ratio, B is the magnetic field experienced by the implanted muons, and φ is a phase offset due to the spin rotation of the implanted muons relative to the detectors. Parameterizations accounting for the initial fast relaxation fitted over the whole data set give similar values for these parameters, but with a worse quality of fit, and small changes in the fitting time window lead to only minor differences in the parameters. The parameters resulting from fitting the ZF data with Eq. 1 are shown in Fig. 3 (a-c) . In Fig. 3 (a) the faster relaxation rate Λ is shown. This exhibits a similar temperature dependence to the magnetization recorded in our bulk measurements, wholly consistent with following a ferromagnetic order parameter with both techniques. ) shows the slower relaxation rate λ, which shows a similar peak at T C to that recorded in the bulk measurements [34] for the stoichiometric sample, and shows a peak at T C in both of the oxygen-deficient samples. In Fig. 3 (c) P mag values are shown as a function of temperature. These data show that quasistatic magnetic fields develop through close to the whole sample volume at T C , independent of the oxygen stoichiometry. These T C values are slightly lower than those from our magnetization data. The uncertainty in the two measurements means the values are compatible with one another.
The wTF parameters are shown in Fig. 3 (d) and in Fig. 8 of the supplementary information. The value of A r [ Fig. 3 (d) ] drops on entering the magnetically ordered phase similarly in all of the samples, from around 20 % to around 5 %. This further demonstrates that the magnetic volume fraction is very similar in each of the three samples and ordering develops fully at the elevated Curie temperature in the doped samples. The residual low-temperature oscillating asymmetry can be attributed to muons implanted in the backing plate and in the nonmagnetic layers of the sample, as all three samples had the same geometry, and the values are consistent with the A bg values found when fitting the zero field data. η peaks around T C in each sample. There is a small but statistically significant growth in B below T C (Fig. 8 in  the supplementary information) . The sign of this change will be determined by the relative field directions of the contributions from the ordered moments and the sample magnetization, but it has the same sign and magnitude in all three samples showing that the magnetic ordering is similar, in accordance with the bulk measurements described above.
From both the ZF-and wTF-µSR results we obtain a static magnetic volume that is consistent with the full sample volume entering a magnetically ordered state at the Curie temperature obtained from both magnetization and µSR measurements. Together with the sharp transitions in all of our samples this appears to rule out the two chemical phase picture of EuO 1−x with a significant distribution of elevated T C values suggested in the earliest study [4] . We also note that the faster relaxation rate Λ, in following a similar temperature dependence to the bulk magnetization, suggests that the order parameter of the oxygen deficient samples grows faster below 69 K. The slow relaxation rate λ also changes around 69 K but not in the same way as in the undoped sample. Since these changes cannot be associated with a change in the magnetic volume fraction of the sample another explanation must be sought. One possibility would be entering a short range ordered state at the elevated T C which coalesces into long range order below 69 K. It is difficult to fully exclude this scenario since we do not observe coherent muon precession in either of the temperature regions. However, it is hard to reconcile such a picture with the sharp onset of static magnetism throughout each sample, accompanied by a distinct peak in λ and η at the elevated T C in the doped samples, which is similar to that in the stoichiometric sample where the order may be expected to be solely long ranged.
The elevated T C value in doped EuO is commonly discussed in terms of the BMP theory. This predicts magnetic phase separation as the number of BMPs should decrease progressively with temperature above the temperature at which long-range order disappears [33, 35] . Such a picture is not compatible with our results for the magnetically ordered volume fraction shown in Fig. 3 (c) , where a complete and sharp change in the magnetic volume fraction is observed at the elevated T C determined independently by the magnetization measurements. It has recently been argued by Liu et al. [11] that features in the hysteresis, coercivity, and M (T ) data of their EuO 1−x samples provided evidence for antiferromagnetically coupled BMP below T C . Our data do not show these features. The coercivity does not exhibit a drop at 70 K (Fig. 4 of the supplementary information) and there is no drop in M (T ) at 20 K, (Fig. 1) even though the dependence of T C on oxygen deficiency found in Ref. [5] implies that our samples should have a similar level of oxygen deficiency. Other recently published work [5, 6, 12 ] also show no sign of these features. This suggests that such effects are specific to the sample measured in Ref. [11] rather than generic properties of oxygen deficient EuO.
Detailed muon measurements [36] of the prototypical magnetic polaron system EuB 6 provide a useful comparison with our EuO 1−x data. In EuB 6 oscillations were clearly resolved below 12.6 K where neutron diffraction shows a significant spontaneous moment, but between that temperature and 15.5 K, where a small spontaneous moment is present, most of the oscillating asymmetry is replaced by a Gaussian term arising from static but random magnetic fields. Above 9 K there is a growth in the relaxation rate λ consistent with two-magnon processes and no divergence in the exponential relaxation rate was evident at either of the magnetic transitions. Two exponential components are evident up to above 100 K in data with a better resolution to slow relaxation rates [36] . In our EuO 1−x data we are not able to resolve oscillations. However, there is no evidence for a three-component relaxation between 70 K and T C that would be comparable with the data recorded in the intermediate temperature range in EuB 6 or two-components in the relaxation above T C . Such behavior above T C could be outside our time resolution but comparing the amplitudes observed in the undoped and doped samples shows no significant differences, which is more likely to be consistent with a single relaxing component and a constant background. The exponential relaxation rate λ in EuO 1−x also shows a clear peak at T C in each sample as in the stoichiometric sample. This is usually associated with the development of long-range magnetic order, but is not observed in EuB 6 , although the critical behavior of Heisenberg ferromagnets can inhibit such a peak. Thus our doped samples appear to show the same phenomena around their elevated T C values as the undoped sample does around 69 K, without further phenomena that can be associated with polarons. Muon-induced polarons (bound electron around a positive muon) have also been suggested to occur in EuO on the basis of an anomalously large relaxation rate at high temperatures [37] . While we observe broadly comparable values for the muon spin relaxation rate, they are compatible with previous bulk measurements and theoretical calculations which do not require polarons, which were compared in Ref. [34] .
An alternative picture for the increased T C in EuO 1−x has been provided by Mauger [8, 33] . This argues that for high doping concentrations the excess electrons populate the conduction band and give rise to an RKKY-like interaction that is responsible for the increase in T C .
The electronic phase diagram of EuO 1−x was calculated by comparing the Mott delocalization criterium with this model [33] .
This predicts that only in a small region of doping concentrations around 2 × 10 20 electrons/cm 3 will EuO present a mixed state between metallic and insulator phases above 70 K. This means that only the insulating and partially mixed region will contain BMPs. In the metallic phase the magnetic polarons are ionized and electrons are delocalized in the conduction band. Assuming that each vacancy in our films provides only one "outer" electron, e.g. the 2.5 % sample has a doping concentration of around 7.3 × 10 20 electrons/cm 3 , well above the mixed state where BMPs would be active. All these arguments support the idea that the mechanism responsible for the increase in the T C in our films is the RKKYlike interaction and not BMP.
In this letter we demonstrate that stoichiometric and oxygen-deficient thin films of EuO develop static mag-netic order below T C throughout their volume. The behavior of pristine and doped samples around T C is similar even though the ordering temperature is almost doubled in both oxygen-deficient films. We find no evidence of chemical phase separation. The double-dome feature widely observed in the magnetization of oxygen-deficient EuO 1−x is also evident in our µSR data. From these results we conclude that the change in the magnetic behavior around 69 K in the oxygen-deficient films is due to a crossover between the dominance of the direct exchange present in stoichiometric EuO and the RKKY-like interaction due to electrons delocalized in the 5d conduction band that increases T C .
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1 Experimental methods
Sample preparation
The polycrystalline samples were deposited at room temperature using a CEVP magnetron sputtering system with a base pressure of 5×10 −9 Torr. Co-deposition was performed using two targets: a 99.99% pure Eu 2 O 3 and a 99.99% pure Eu target. The EuO 1−x films were co-deposited while maintaining the RF power constant at 75 W for the Eu 2 O 3 target and changing the DC deposition current for the Eu target between 0.05 and 0.15 A. The growth was performed in an Ar + plasma at a pressure of 2 mTorr with a flow rate of 14 sccm. The substrates used were 1" Si (001) with a native oxide layer. A Pt layer was deposited between the substrate and the EuO 1−x film and another on the top as a capping layer to prevent further oxidation of the film. The nominal sample structure was Si(001)/SiO 2 (1.4 nm)/Pt(5 nm)/EuO(100 nm)/Pt(5 nm).
Bulk magnetic measurements
The SQUID magnetometry measurements were performed in a Quantum Design MPMS 2 system. Each sample was cooled in a field of 50 Oe to 5 K followed by the M (H) measurements done at increasing temperatures. Finally each sample was cooled down at zero field and the temperature dependent measurements where performed at different fields. Figure S1 to S3 show the hysteresis loops M (H) at different temperatures for the pristine, 2.5% and 9% oxygen deficient samples. The inset to Fig. S1 represents the M (T ) data for different applied fields. The pristine sample exhibits a paramagnetic response above 69 K. The inset to Fig. S1 shows that for fields below 200 Oe the T C remains the same however it did not reach the saturation magnetization. Above 200 Oe there is some paramagnetic signal at higher temperatures most probably from the P t layers. The upper inset shows the out-of-plane normalized magnetization versus field at 5 K. It exhibits a harder magnetic axis than the in-plane data with larger coercive fields and competing anisotropy contributions. The XRD data showed that the films are heavily (100) oriented (textured) in the out-of-plane direction which represents the hard magnetic axis in bulk EuO.
The 2.5% ( Figure S2 ) and 9% ( Figure S3 ) samples have a T C as high as 140 K and 136 K, respectively. The insets show an enlarged view of the high temperature M (H) data, where a finite coercivity and remanence at 80 K is present in both oxygen deficient samples underlining the existence of long range ferromagnetic order. Figure 4 shows the temperature dependence of the coercivity of the 2.5% and 9% oxygen deficient samples. The 2.5% shows a decrease in the coercivity between 5 K and 60 K followed by an increase at higher temperatures. The 9% data shows a monotonic decrease of the coercivity with temperature. We attribute this changes to the variations of the in-plane crystal anisotropies.
X-ray reflectivity (XRR)
The XRR data for the pristine sample was acquisitioned on a Panalytical PW3050/65 X'Pert PRO HR horizontal diffractometer in low resolution mode with a step size of 0.001 degrees. The XRR data for the 2.5% oxygen deficient sample was measured on a Bruker D8 HRXRD in low resolution mode with a step size of 0.001 degrees. No useful XRR data has been obtained on the 9% oxygen deficient sample due to a large interface roughness. Tables 1 and 2 show the fitting parameters obtained from the two reflectivity curves presented in figures S5 and S6, respectively. An increase in the interface roughness and structural disorder (densities are altered from their bulk values) for the non stoichiometric sample is apparent due to the quicker deposition rate of Eu. This trend is continued for the 9% oxygen deficiency sample, which showed no Figure S2 : Volume magnetization as a function of the in-plane applied magnetic field at different temperatures and (inset) an enlarged view of the higher temperature data showing a finite coercivity and remanence at 80 K and an almost paramagnetic response at 140 K for the 2.5% oxygen deficient sample. Table 2 : X-ray reflectivity fitting parameters for 2.5% oxygen deficiency of EuO.
The fit to the data shows a strong agreement with the experimental results.
Muon spin relaxation measurements
Muon spin relaxation and rotation (µSR) measurements were carried out using the low-energy muon spectrometer (LEM) at the Paul Scherrer Institute, CH.
In µSR experiments [1] spin polarized positive muons are implanted into the sample, where they stop rapidly at interstitial sites of high electron density, and their spin direction evolves in the magnetic field at their stopping site. Each implanted muon decays with a lifetime of 2.2 µs emitting a positron preferentially in the direction of its spin at the time of decay. The evolution of their spin polarization as a function of time is determined by measuring the direction of the emitted positrons. In LEM experiments, accelerating electric fields are used to control the implantation depth of the muons after they have passed through a cryogenic moderator.
To determine where the muons would implant within the samples we carried out Monte Carlo simulations using the TRIM:SP program [2, 3] . Results of these calculations for the energies used in our measurements are shown in Fig. S7 for the EuO sample. The other samples give similar profiles. Our measurements at 6, 10, and 14 keV showed small changes consistent with the calculated stopping profiles. To maximize the proportion of muons stopping within the EuO 1−x layer of the samples we used an implantation energy of 14 keV for the temperature dependent measurements. At 14 keV approximately 1% of the muons stop in the front Pt capping layer, 3% are reflected, and the other 96% stop within the EuO 1−x layer. Fig. 3 (d) in the main text shows the relaxing asymmetry for a weak transverse field of 28.2 G. In Fig. S8 we show the other two parameters described in the main text, η and B, the relaxation rate and magnetic field experienced by the muons. η shows a peak at T C in each of the samples and a more subtle change around 70 K in the two oxygen deficient samples. The magnetic field experienced by the muons increased upon cooling below T C in each sample and does not change significantly around 70 K in the oxygen deficient samples. 
